ABSTRACT. Ultrasonic techniques have the potential to provide early detection of fatigue induced cracks originating from fastener holes with the long term goal of structural health monitoring. This paper considers energy-based algorithms for analyzing ultrasonic waveforms obtained using fixed angle beam transducers in a through-transmission configuration. The transducers were located on either side of the fastener hole with the sound beam oriented along the loading direction, and waveforms were obtained as a function of applied load. Previous work has shown that the ratio of the received ultrasonic energy at under tensile loading to the energy with the sample under no load is a robust method for determining the presence of cracks. The reason for the effectiveness of this metric is that the energy reduction from the crack opening is accentuated by the applied load. For structural health monitoring applications, the earliest possible detection of cracking is desired, and the total energy ratio method does not utilize information contained in different time and frequency windows of the received signals. Considered here are energy ratio parameters derived from multiple time and frequency windows in order to optimize sensitivity of detection to the widest range of crack sizes and geometries. An algorithm was developed to automate crack detection and was applied to the various energy ratio parameters. Results indicate that cracking can be detected significantly earlier in the fatiguing process compared to the total energy ratio method.
INTRODUCTION
Ultrasonics is one of the few nondestructive evaluation techniques suitable for use as a part of an in-situ damage monitoring system. Considered here is the specific problem of monitoring the onset and growth of fatigue cracks originating from fastener holes such as are found in many commercial and military aircraft. This problem is well-known, and ultrasonic nondestructive inspection techniques have been developed to address inspection of fastener holes using both bulk waves [1] [2] [3] and guided waves [4, 5] . Here we consider attached angle beam ultrasonic transducers operating in through transmission mode. Any cracks that are present interfere with the ultrasonic wave and modify the received signal. The effect of a crack on the ultrasound is accentuated if the crack is open, such as occurs
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Fatigue Cracks under tensile loading. This observation has led to development of an energy ratio method to detect and monitor cracks, as previously reported by the authors [6, 7] .
The goal of the work reported here is the earliest possible in situ detection of fatigue cracks. The general approach is to consider features computed from the received ultrasonic signals, as has been done for other applications [8, 9] . The existing energy ratio feature quantifies the overall reduction in transmitted energy as the crack is opened under load. However, cracks often initiate at multiple sites, and coalesce into larger cracks of various shapes. Because of these variations, it is expected that different time and frequency windows of the received signals may be sensitive to cracks of different shapes and locations. Energy ratios calculated from various time and frequency windows are considered to test this hypothesis. In addition, an automated crack detection algorithm is developed and implemented, which eliminates the need for visual interpretation of results and permits objective comparison of the different features.
EXPERIMENTS
Fatigue tests were performed on 7075 aluminum coupons of two different alloys. Fatiguing was periodically interrupted to record ultrasonic waveforms, and data were recorded from a total of nine fastener holes.
Measurement Overview
A pair of 10 MHz 70° shear wave transducers is mounted on either side of a fastener hole, with the direction of propagation parallel to the axis of loading as shown in Figure 1 . This configuration maximizes the effect of the crack on the ultrasonic waveform by taking advantage of how the cracks grow perpendicular to the loading direction. Since the receiver is in the shadow of the hole, received signals consist of the leaky creeping wave traveling around the hole that is mode converted back to a propagating shear wave.
The data generated for this research followed the procedures used previously [6, 7] in order to maintain a consistent approach for comparison. Each fatigue test is summarized as follows:
1. The sample is fatigued with a uniaxial loading spectrum consisting of repeated blocks of 2640 aperiodic cycles each. 2. Initially and after each block through-transmission measurements are recorded at static loads of 0 and 5000 lbs. 3. This process is continued until the test is concluded, either by design or by the sample breaking. 
Ultrasonic Waveforms
For this study, the transducers are excited with an impulse, resulting in fairly broadband waveforms. For the 10 MHz transducers, the spectrum of the input waveform is centered on 10 MHz and extends approximately ±5 MHz. The importance of using a broadband excitation is that the frequency dependence of the ultrasonic response can be explored without requiring multiple transducer excitations.
The angle beam source transducer generates a refracted shear waveform that propagates to the receiving transducer via multiple V-path reflections. Because of beam spread, the ultrasonic wave radiates over an arc centered on the nominal refracted angle, causing the receive transducer to acquire multiple arrivals from different propagation paths. For the data reported here, the transducers were arranged so that the first two arrivals were clearly distinguishable with a smaller third arrival also evident. A typical waveform is shown in Figure 2 , with the three arrivals noted. Each waveform was recorded for 40 µs starting 8 µs after transmit, and all references to "full-time" calculations refer to this entire 40 µs window.
ANALYSIS
For results previously reported, recorded signals were directly processed using an energy ratio algorithm, and crack detection was determined by visual inspection of the energy ratio versus fatigue cycles curve. The work presented here introduces two improvements to this process. The first is implementation of an automated crack detection algorithm. The second is preprocessing of the waveforms by time windowing and/or filtering. The overall process is illustrated schematically in Figure 3 . 
Energy Ratio Method
The existing energy ratio metric is based upon calculating the ratio of signal energies from samples under tensile loading to their unloaded counterparts, and is thus a measure of the ultrasonic response to a crack opening under load. After each block of fatiguing, waveforms are recorded at both 5000 lbs and 0 lbs of loading; 5000 lbs was empirically found to significantly open cracks. The energy of each received signal is calculated via a simple sum of squares, (1) where w b,xx is the waveform at block b and xx loading. The energy for each load is designated by E 5k (b) and E NL (b), and the energy ratio is calculated as the ratio of the 5000 lb signal energy to the unloaded signal energy, (2) Figure 4 illustrates a typical energy ratio curve. As shown in the figure, the curve can be broken into pre-crack and crack growth sections, with the transition identified as the point of crack detection.
Crack Detection Algorithm
The first step in improving the analysis of energy ratio curves is to automate the crack detection process. It is assumed that the sample is initially undamaged and that the ultrasonic response to subsequent cracks will change the energy ratio curve because the cracks are blocking the signal energy. Previously, once the energy ratio curves were created, they were inspected visually to determine when a crack was first detected by manually locating the "bend" in the energy ratio curve. As shown in Figure 4 , visually identifying the transition between the two curve regions can lead to inconsistencies in determining the point of crack detection because multiple points can be classified visually as the first indicator of a crack.
In order to automate and improve this process, an effort was made to reproduce the visual inspection method algorithmically. By using an algorithm to analyze the curves, each curve can be processed consistently, thus allowing for quantitative evaluation of other potential improvements to the energy ratio algorithm. It is assumed that no damage is detectable within the first five fatigue blocks (13,200 cycles). This portion of the curve is used to determine the initial statistics of the curve, specifically the linear fit and standard deviation of these five measurements. Once these statistics are calculated, the next point (block six) is analyzed to determine if any damage is present within the sample by using the linear fit to predict the value of the energy ratio curve. This predicted value is compared to the actual value of the curve at block six. If it is more than three times the standard deviation above the actual value, the sample is classified as having a defect at that block. This process is repeated for the next point in the energy ratio curve, using the same initial five samples of the energy curve for statistics. For the eighth block, the statistics are updated using the energy ratio from blocks two through six. This process is repeated for the remaining points. The detection block is defined to be the block in which it and all the following blocks are classified as defective.
An example of this process is shown in Figure 5 . The point being analyzed is the eighth measurement, and it is classified as a defect.
Time Windowing
The first technique considered is to time window the waveforms before calculating the energy curves. The logic behind this windowing is that each portion of the time signal corresponds to a different propagation path. By examining only certain portions of the waveforms, it is possible to quantify which parts, in time, are affected by crack growth. As the crack grows, it will interact differently with the various propagation paths, and thus different time windows are expected to have different sensitivities for crack detection.
Four time windows are considered as follows: (1) original 40 µs "full-time" window, (2) first arrival window, (3) second arrival window, and (4) a "three peak" window that encompasses the first three arrivals. Note that the third peak is usually much lower in amplitude than the first two. For each transducer pair, the time windows are manually defined from waveforms taken from unloaded, unfatigued samples. Due to transducer movement and loading induced changes in propagation time [7] , each recorded waveform was cross-correlated with the unloaded/unfatigued waveform to generate the appropriate, shifted time windows. The time-windowed energy as a function of block is calculated as, (3) FIGURE 5. Illustration of automated defect detection algorithm.
where h(n) is the time windowing function, N 1 is the first point in the window, and N 2 is the last point in the window. The energy ratio curve is then calculated and the crack detection algorithm is used to determine the crack detection block. For this study, h(n) was unity.
Time/Frequency Windowing
The second technique considered is to consider various frequency regions of the waveforms in conjunction with the four time windows to determine if some frequencies were more effective at crack detection than others. The frequency content of the waveforms was restricted using Butterworth bandpass filters of varying passbands; a total of 91 bandpass filters were used to restrict the frequency content. The minimum passband frequency was 3 MHz and the maximum stopband frequency was 15.5 MHz. Table 1 illustrates the filter frequency limits, where shaded cells with an "X" correspond to valid filters, and the row/column labels indicate the passband limits.
Once the waveforms are filtered, the same time windowing approach is applied. Considering all 91 filters, however, is very computationally intensive when compared to the simple time windowing approach; instead of four energy ratio curves being produced for each sample, 364 (4x91) energy ratio curves are generated and analyzed.
The energy versus block curve is calculated from the preprocessed signal,
where g(n) is the Butterworth filter function and the asterisk denotes convolution. Table 2 summarizes detection results from the two modifications to the energy ratio along with the baseline results. Shading indicates which time windows showed earlier detection compared to the baseline results, and "--" indicates that a crack was not detected. The block at which cracking was detected is designated as "DB", and the column labeled "%" reports detection as a percentage of the duration of the fatigue test.
For the time windowing approach, three of the samples had a modest (one-to-three) block improvement in detection, with a seven block improvement for sample 6. However, the time windowing approach showed no improvement on five of the samples. For the time and frequency windowing, all but one of the samples had significantly improved detection (two or more blocks) using some combination of time and frequency windows. The specific filters that performed the best are not listed because for all cases, multiple filters worked equally as well for a given sample/time-window combination. Figure 6 graphically illustrates the best performance for time windowing only and for combination time/frequency windowing as compared to the baseline. Results are shown for each sample. Note that earlier detection is obtained for every sample, with the average improvement being 3.6 blocks (9,504 cycles). nd Peak Full-time Sample DB % DB % DB % DB % DB % DB % DB % DB % 1 11 69% 11 69% 9 56% 11 69% 9 56% 9 56% 11 69% 10 63% 2 14 93% 14 93% 14 93% 10 67% 9 60% 9 60% 9 60% 10 67% 3 11 69% 11 69% 11 69% 11 69% 10 63% 11 69% 11 69% 10 63% 4 13 87% 13 87% 13 87% 13 87% 11 73% 11 73% 13 87% 13 87% 
SUMMARY AND CONCLUSIONS
An automated crack detection algorithm has been developed and implemented for in situ detection of fatigue cracks originating from fastener holes. This algorithm was applied to an energy ratio method for monitoring initiation and growth of fatigue cracks. Two improvements were considered for this energy ratio algorithm: time windowing and time/frequency windowing. Both techniques offer improvement over the overall energy ratio method, with the time/frequency windowing approach having the greatest effect. Future work should explore understanding why specific time and frequency windows are more effective than others, and determine if this type of analysis is effective for holes in built-up structures with fasteners.
